INTRODUCTION
Ribonuclease H (RNase H)-type enzymes selectively cleave the RNA strand of an RNA-DNA duplex through an endonucleolytic mechanism (for review, see [1] ). RNase H-type activity has been demonstrated for a growing, relatively large family of proteins. In Escherichia coli, there are at least two RNase H isotypes expressed from separate genes [2] . Enzymes with similar activities have been identified in a number of other bacteria [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , yeast [6] , trypanosomes [7] , calf thymus [8, 9] and other mammalian cells [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
E. coli RNase HI has been crystallized [13] [14] [15] [16] and the substrate specificity and kinetic properties of E. coli RNase HI have been studied. The preferred substrate is clearly an RNA-DNA duplex. In the RNA strand, both the 2'-OH and the phosphate groups are essential [17, 18] . In the DNA strand, 2'-methoxy modifications have been reported to eliminate the activity of the enzyme [19] [20] [21] [22] and substitution of the uncharged methylphosphonate group for the phosphate resulted in a substrate that was not cleaved by the enzyme [18] . In contrast, although at high concentrations phosphorothioate oligodeoxynucleotides inhibit the enzyme, they serve as effective substrates when in an RNA-DNA duplex [23] . Interestingly, in one report of a study on human RNase HI, the substitution of a ribonucleotide in the deoxynucleotide strand supported cleavage at the nucleotide hybridized to the ribonucleotide [19] .
Both HIV reverse transcriptase and E. coli RNase HI have been reported to be 'processive endonucleases'; that is, they induce cleavage endonucleolytically at a nucleotide involved in a DNA-RNA hybrid, then processively induce 3'-5' exonucleolytic cleavage [20] .
Kinetic analyses of E. coli RNase H1-mediated cleavage have been reported for wild-type and mutant enzymes using full DNA-RNA duplexes [16] and for wild-type enzyme using Km and V,max of cleavage of RNA duplexes with full phosphorothioate oligodeoxynucleotides were compared with methoxydeoxy 'gapmers', i.e.; oligonucleotides with 2'-methoxy wings surrounding a deoxynucleotide centre. Such structural modifications resulted in substantial increases in affinity, but significant reductions in cleavage efficiency. The initial rates of cleavage increased as the deoxynucleotide gap size was increased. Multiple deoxynucleotide gaps increased the Vmax but had little effect on Km. 3. The effects of several base modifications on the site of initial cleavage, processivity and initial rate of cleavage were also studied.
duplexes comprised of one strand of DNA and one strand containing a short RNA segment flanked by DNA regions [21] . Using the former substrate, the Km and Vmax reported were 0.11 ,uM and 36 units/mg of protein respectively, where 1 unit of activity equalled 1 ,umol of acid-soluble material per min. Using the latter substrate, the predominant cleavage site was just before the second ribonucleotide from the 3' RNA-DNA junction and the Km was 4.2 ,uM.
The effects of altering the regions that flank the site of cleavage of the RNA substrate on the RNA strand have been studied to some extent, but detailed kinetic studies have not been reported. Using an RNA gap of various lengths (3-6 nucleotides), and a DNA duplex, Hogrefe et al. [21] concluded that increasing the size of the RNA gap decreased the K., but that maximal turnover occurred with the 4-base RNA gaps. Furthermore, replacing the flanking RNA with 2'-methoxynucleotides had no negative effect on the cleavage of the ribonucleotide gap. Arguably, a more pharmacologically relevant approach is to vary the chemical characteristics of the hybridizing oligonucleotide rather than the RNA. Studies using this approach suggested that the minimum length of a DNA-RNA hybrid required for cleavage by E. coli RNase HI is four nucleotides and that chimeric oligonucleotides with the 4-base deoxynucleotide gap in the middle or 5' end of the hybridizing oligonucleotide (3' end of the RNA substrate), but not those with the gap at the 3' end, supported RNase HI cleavage [22] . In another study, methylphosphonate oligonucleotides were unable to support RNase HI activity when in a duplex. However, chimeric oligonucleotides comprised of methylphosphonate wings and a phosphodiester deoxynucleotide gap supported RNase HI activity better than the parent phosphodiester compounds [23] .
Given the importance of RNase H in the mechanisms of action of many antisense oligonucleotides [25] [26] [27] [28] Oligonucleotide synthesis 2'-O-Alkyl, 2'-fluoro and heterocyclic modified monomers were synthesized as described previously [25, 29, 30] . Syntheses of phosphorothioate (deoxy and 2' modified) and phosphodiester oligonucleotides were performed using an Applied Biosystems 380B automated DNA synthesizer as described previously [25, 29] . Purification of oligonucleotide products was also as described previously [25, 29] . Purified oligonucleotide products were more than 900% full-length material as determined by PAGE. RNA substrates were further purified by PAGE (see below). 
Oligo: 3522 To better assess processivity, we studied a duplex comprised of a 17-mer oligoribonucleotide and a phosphorothioate oligonucleotide with a centred 5-base 'deoxy gap' flanked with 2'-methoxy modifications. This size gap was selected to limit the number of initial cleavage sites to one and yet provide enough DNA-RNA duplex for the enzyme to display processivity. Figure 2 (a) shows that 2'-methoxyoligonucleotides do not support RNase H activity (no cleavage observed in 2'-methoxy-RNA duplex regions). Similar results were reported when 2'-methoxynucleotides were incorporated in the RNA strand [22] . However, cleavage of the RNA target hybridized to the 2'-methoxy/deoxy chimera gap occurred. The initial site of cleavage occurred at the nucleotide adjacent to the methoxy- deoxy junction closest to the 3' end of the RNA substrate. Figure 2 (a) also demonstrates processivity within the deoxy gap as the cleavage products increase with time in a 3'-5' direction. Within a 5-base gap, three cleavages could be effected.
To confirm processivity further, two additional approaches were taken. First, Figure 2(b) shows the results of the same experiment as that described in Figure 2 (a) except that the RNA substrate was labelled at the 3' terminus rather than the 5' terminus. If the enzyme is processive and not cleaving randomly, then PAGE analysis should show only one band of cleavage. The pattern of degradation was as predicted; there was a single band of cleavage at the expected site. Furthermore, adding excess competing duplex substrate at two time points (30 and 70 min after initiation of cleavage) had no effect on the rate of cleavage of adjacent nucleotides after cleavage was initiated, as would be expected if the enzyme were processive.
Kinetics of cleavage Non-linear regression analyses were performed for two duplexes of different sequences and lengths ( Table 1 ). The differences in the Km and Vmax. are small and probably due to the fact that the 20-mer can accommodate at least one more enzyme molecule per molecule of substrate. It is highly unlikely that sequence played an important role since we and others [1] have not observed any sequence preference for E. coli RNase HI (see Figure 2) . To evaluate the potential effects of the phosphorothioate modifications on the efficiency of RNase HI cleavage, we compared the initial rates between a uniform 17-mer phosphodiester and a uniform phosphorothioate oligodeoxynucleotide duplexed to an RNA complement. Surprisingly, the initial rate of cleavage of RNA in a duplex with the phosphodiester oligodeoxynucleotide was 15.7 nmol/min per mg (r2 > 0.994) while that of the phosphorothioate-containing duplex was 33.9 nmol/min per mg (r2 > 0.99). The units reported from these assays represent labelled nucleotides and oligonucleotides that are not precipitated by trichloroacetic acid. Under conditions employed in these studies, oligonucleotides shorter than 5-mers were not precipitated by trichloroacetic acid. This assay and these units have been used in previous studies on RNase H and, thus, our results can be compared directly with earlier work. We have also compared rates derived from trichloroacetic acid assays with those derived from PAGE analyses and found them to be similar. However, the trichloroacetic acid assay is most reproducible and each time point can be tested in triplicate, so it is a more quantitative assay.
We Table 2 compares the kinetic constants for duplexes formed with either a full oligodeoxynucleotide or oligonucleotides with 2'-methoxy wings and deoxynucleotide gaps 4 or 9 nucleotides in length. Clearly, although the 2'-methoxy wings increased the stability of the duplexes (Tm values of 73.9 'C and 67.6 'C for the 4-and 9-base chimeras respectively), cleavage of the RNA by the enzyme was substantially less efficient for chimeric duplexes. Furthermore, the larger gap supported more efficient cleavage than the shorter gap. To evaluate the effect of gap size in more detail, a series of gapmers from 1-9 nucleotides long was hybridized to the two oligoribonucleotides and the initial rates of cleavage by RNase HI were determined. Table 3 shows that, as previously reported [21, 22] , a deoxy gap of four nucleotides is the minimum gap that will support E. coli RNase HI activity. The initial rate of cleavage increased as the size of the gap increased.
To test the hypothesis that reduced cleavage efficiency in chimeric duplexes is due in part to a reduced number of enzyme molecules per duplex, a 43-mer RNA substrate was synthesized and hybridized with a 43-mer phosphorothioate complement containing three 4-base deoxynucleotide gaps interspersed be- wings in oligonucleotides containing phosphodiester or phosphorothioate backbones was synthesized and tested. As shown in Table 4 , the relative affinities of the analogues for the RNA target were 2'-fluoro-> 2'-methoxy-> 2'-propoxy-> 2'-deoxy-oligonucleotide, irrespective of whether the backbone was phosphodiester or phosphorothioate. However, the specific 2' modification in the wings seemed to have only minimal effects on the initial rate of cleavage. All reduced the initial rate of cleavage relative to a fully deoxyoligonucleotide substantially, but the initial rates of the gapmers containing the various 2' modifications were equivalent within experimental error.
Effects of base modifications on E. coli RNase Hi activity
To evaluate the effects of several base modifications, we inserted modified bases centred in a 5-nucleotide deoxynucleotide gap flanked with 2'-methoxy wings. Figure 4 shows the patterns of cleavage analysed by gel electrophoresis. Three adenosine modifications along with a 2'-methoxy nucleotide modification were studied. Modelling studies suggest that the N6-imidazolylpropyl analogue protrudes into the major groove of the duplex and the N2-imidazolylpropyl analogue protrudes into the minor groove.
Therefore, these modifications were studied to provide preliminary insights into the effects of steric bulk on RNase HI cleavage. The 2,6-diaminoadenosine analogues were selected to determine whether an increase in the stability of a base pair
Oligo:
5'LC C A C A CIC G A C G C G CCC 31 Figure 4 , three cleavages were observed as expected in the gap with no modifications. In the N8-imidazolylpropyladenosine-modified oligonucleotide, the rate of the first cleavage was less. The second cleavage was also inhibited, and the third cleavage was almost entirely inhibited. In contrast, while the Ar-imidazolylpropyladenosine had little to no effect on cleavage at the first cleavage site, all subsequent cleavages were inhibited. The 2,6-diaminopurine seemed to enhance the second cleavage relative to the initial cleavage. In fact, the pattern of cleavage suggests that the cleavages may not have been processive, but rather that the enzyme showed no preference for the site of cleavage adjacent to the junction of the deoxynucleotide gap. Additionally, the cleavage of the third site was inhibited, but the enzyme was able to effect the cleavage to some extent. Replacement of adenosine with 2'-methoxyadenosine essentially ablated all cleavage (C. F. Bennett, N. M. Dean and B. P. Monia, unpublished work). Table 5 shows the initial cleavage rates for the unmodified gap and the oligonucleotides containing the 3-base analogues. As suggested by the PAGE analyses, the N-imidazolylpropyladenosine modification significantly inhibited the initial rate of cleavage, while the other two modifications had no effect. The initial rate measured for the N2-imidazolylpropyladenosinecontaining gapmer probably represented cleavage at two sites. The rates for the unmodified gapmer and the other two analogues represented cleavage essentially at the first site only. (Please note that the mean initial rate for the 5-base methoxy gapmer shown in Table 4 is 7.15 + 1.9 nmol/min per mg. In Tables 3 and 5 , the initial rates determined in the specific experiments are shown to provide the most direct comparisons. Thus, the variation in initial rates over several months was minimal.)
In addition to the purine modifications, the effects of two modifications at the 5-position of pyrimidines were tested. Modifications of pyrimidines at the 5-position are of potential interest because they have been reported to enhance hybridization. In fact, 5-propynethymidine, when incorporated into antisense oligonucleotides, has been reported to increase affinity and antisense potency and support RNase H cleavage [32] . Similarly, 5-methylcytosine has been shown to increase the affinity of oligonucleotides for target RNAs (E. A. Lesnik and S. M. Freier, unpublished work). Thus, these two modifications Table 5 Initial rates of RNase HI cleavage of RNA duplexes with chimeric oligonucleotides containing adenosine base modiications Sequences and chimeric design of the complementary phosphorothioate 2'-methoxy/deoxy chimeras and the position of the adenosine heterocycle modifications are shown in Figure 4 (a). Initial rates were calculated from data in Figure 4 as described in the Materials and methods section. were incorporated into the positions shown in Table 6 , then evaluated. As shown in Table 6 , both modifications enhanced affinity quite dramatically and supported RNase HI cleavage. However, the 5-propyne modifications enhanced duplex stability more than the 5-methyl modifications. The antisense oligonucleotide in which 5-propynecytosine was incorporated supported an initial rate of cleavage equal to that of the parent phosphorothioate molecule. Interestingly, the initial rate of cleavage for the 5-methylcytosine-containing oligonucleotide was, in fact, nearly twice that of the parent phosphorothioate oligonucleotide.
DISCUSSION
This study confirms and extends a number of observations concerning the substrate specificity of E. coli RNase H. Oligoribonucleotides duplexed to phosphorothioate oligodeoxynucleotides are substrates that are effectively cleaved by the enzyme as reported previously [23] . Figure 1 demonstrates that E. coli RNase HI exhibits virtually no sequence preference. As previously reported, 2'-methoxyoligonucleotides do not support RNase HI activity when in an RNA-containing duplex [19, 22, 23, 25, 28] . As shown here, neither do 2'-fluoro-or 2'-propoxy-modified oligonucleotides. Thus, the 2' position in the complementary 'antisense' strand is vital to RNase H activity. That RNase HI induces an endonucleolytic cleavage, then processively exonucleolytically degrades an RNA strand in a DNA-RNA duplex, has been reported previously [20] . The present study confirms that observation. As performed here, the use of gapmers or chimeric oligonucleotides to limit the number of enzyme molecules that can be bound per duplex substrate molecule enables unequivocal demonstration of this type of activity (Figure 2a ). We confirmed processivity by using 3'-endlabelled RNA (Figure 2b ). Moreover, competition experiments performed here provide further proof of processivity. Thus, the enzyme appears to require 4-6 nucleotides of a DNA-RNA duplex to bind and cleave effectively. The initial rate of RNA cleavage for a duplex comprised of a phosphorothioate oligodeoxynucleotide was actually greater than that of a duplex with a phosphodiester oligodeoxynucleotide. Thus, despite the fact that excess phosphorothioate oligonucleotides may inhibit the enzyme, the cleavage of RNA in a duplex containing a phosphorothioate oligonucleotide was at least equal to and apparently greater than in that containing a phosphodiester oligonucleotide. Consequently, the inhibition of the enzyme induced by phosphorothioates must result from binding of single-stranded phosphorothioate oligonucleotides to the enzyme. At present, we have no explanation for the apparent increase in initial cleavage rate caused by a phosphorothioate modification. As the phosphorothioate-containing duplex has a lower affinity, one possibility is that product release is more rapid, but this remains entirely speculative. The kinetic constants previously reported for the enzyme [16] are reasonably similar to those we have observed given the differences in conditions. The cleavage of RNA in a 2'-modified chimeric duplex was An additional important question in the design of optimal chimeric 2'-modified oligonucleotides is whether the nature of the 2' modification affects RNase H cleavage. To address this, we studied a group of 2'-modified gapmers. Table 4 shows that the nature of the 2' substituent in the wings of a gapmer has a significant influence on the affinity of the oligonucleotide for its target RNA, with the 2'-fluoro modification resulting in the greatest increase in affinity. However, all modifications induced an approximately equivalent reduction in the initial rates of cleavage. As a general rule, the more 'RNA-like' the antisense oligonucleotide, the more A-form the geometry of the duplex [33] . Thus, the Tm of the duplex formed with the 2'-fluoro chimera is significantly greater than that with the 2'-methoxy chimera which is greater than that with the 2'-propoxy or the 2'-deoxy parent oligonucleotide. Nevertheless, the initial rates of cleavage of all the 2'-modified oligonucleotides were equivalent. Thus, the enzyme clearly is not differentially affected by differences in the geometry of the duplexes in the wings or the junction. We can, therefore, conclude that the detrimental effects of the 2' position modifications on the efficiency of cleavage by RNase HI cannot be due to changes in the geometry of the duplex at the chimeric junction or in the wings. Nor can the effects of 2' modifications on the efficiency of the enzyme be due to changes in the rate of denaturation of the duplex during or after cleavage. Rather, the effects of 2' modifications must be due to a requirement of the enzyme to recognize the 2'-deoxy position substantially less efficient than in a duplex comprised of RNAin the antisense oligonucleotide. The effects of heterocycle modiications on cleavage of RNA by RNase Hi
Kinetic parameters
We inserted modified adenosines at the centre of a 5-nucleotide gap to begin to evaluate (i) the fine structure of the enzymesubstrate complex, (ii) the various steps in the cleavage process, (iii) the mechanisms underlying processivity and (iv) to begin the development of structure-activity relationships that might support the design of more effective antisense oligonucleotides. The N2-and N6-imidazolylpropyl modifications were selected because they are expected to protrude into the minor and major grooves of an RNA-DNA duplex respectively. Figure 5 (a) presents a view down the helical axis of the RNA-DNA gapmer duplex docked to RNase H. The N2-imidazolylpropyl group on the deoxynucleotide is highlighted in red and is situated in the major groove of the duplex. In this position, the modification cannot make contact with the enzyme. Figure 5(b) shows a view orthogonal to the helical axis of the N2-imidazolylpropyldeoxyadenosine duplex docked to RNase H. This modification, shown in red, is located in the minor groove of the duplex. While the local structure of the duplex is altered, the modification induces no major changes in the structure. Figure 4 and Table 4 show that the two modifications had very different effects on cleavage. The N2 modification had no effect on the initial cleavage event, then obstructed all subsequent cleavages. Thus, the effects of this modification were transmitted at least two nucleotides from the modification, and the effects on the endonucleolytic first cleavage were clearly quite different from those on the exonucleolytic processive cleavages.
In contrast, the NM modification that is thought to protrude into the major groove inhibited the initial endonucleolytic cleavage event and increased the extent of the second cleavage relative to the initial cleavage. This could result either from 'slippage' of the enzyme, i.e. loss of selectivity for the initial endonucleolytic cleavage site, or different effects on the endonucleolytic versus exonucleolytic activities of the enzyme. Both modifications resulted in ablation of the enzyme's ability to cleave the ribonucleotide hybridized to the modified adenosine.
2,6-Diaminopurine was incorporated to evaluate the effects of a local increase in affinity of the duplex on the cleavage efficiency of the enzyme. In this case, we observed almost equal rates of cleavage of two adjacent nucleotides in the gap and significant inhibition of cleavage of the ribonucleotide hybridized to 2,6-diaminopurine. The inhibition may be due to a reduction in the off-rate of the products. However, studies with mismatched oligonucleotides showed only a slight reduction in cleavage rates (39.2 nmol/min per mg versus 20.8 nmol/min per mg for the perfectly matched duplex or the single mismatched duplex respectively). Thus, this seems unlikely. Alternatively, the inhibition of cleavage may result from increased energetic costs associated with local distortion of the helix.
We also evaluated the effects of modification in the 5 position of pyrimidines. Both 5-propyne and 5-methyl modifications increased the affinity of antisense oligonucleotides for complementary RNA, but the 5-methyl modification actually increased the initial rate of cleavage. Again, this demonstrates that it is possible to increase the stability of the duplex without adversely affecting the efficiency of the enzyme. At present, there are insufficient data to determine the reasons for the differences between the 5-propyne and 5-methyl modifications. Therapeutic Implications Our laboratory and others [23, 25, 26, 30] have designed antisense chimeras to enhance the affinity of antisense oligonucleotides for their RNA targets while retaining RNase H activity, in the hope of increasing the potency and specificity of antisense oligonucleotides. We have reported improved potency in the inhibition of Ha-ras that directly correlated with the increase in affinity [25] . However, for many other target sequences, we have failed to observe an increase in potency despite the proven increase in affinity. The current studies provide one possible explanation for these discrepant results. Clearly, the potency of an oligonucleotide dependent on an RNase H mechanism will be at least a function of the affinity of the oligonucleotide for its receptor sequence and the efficiency of the cleavage of the RNA by the enzyme. With current chimeric strategies, we are increasing affinity for target, but reducing efficiency of cleavage. We would suggest that when a current chimeric strategy is successful, binding of the oligonucleotide to its target RNA is rate limiting. When chimeric strategies fail to increase potency, the detrimental effects on the efficiency of cleavage must outweigh the benefits of enhanced affinity.
That the RNA in a phosphorothioate-oligonucleotide-RNA duplex is cleaved as efficiently or more efficiently than that in a phosphodiester duplex argues that the inhibitory activity of excess phosphorothioate oligonucleotides is due to the singlestranded phosphorothioate oligonucleotide. This suggests that substantial excess phosphorothioate may be detrimental if the terminating mechanism is RNase H degradation and suggests that well-considered dosing regimens will be essential to achieve optimal therapeutic utility for phosphorothioates.
This study also provides guidance with regard to selection of various modifications to incorporate into antisense oligonucleotides. As there is no significant difference in the effects of various 2' modifications on the cleavage efficiency of the enzyme, all other things being equal, the 2' modification that results in a maximal increase in duplex stability would be the modification of choice. Of the 2' sugar modifications presented in this report, the 2'-fluorophosphorothioate would be the oligonucleotide of choice. The pyrimidines modified at the 5-position also offer increased affinity, but without detrimental effects on cleavage. Thus, these are also attractive modifications. Of the two pyrimidine modifications studied, the 5-methyl is perhaps more attractive than the 5-propyne because it appears to increase the cleavage rate. Additionally, as the potential for metabolism of oligonucleotides to toxic nucleosides must be considered, the fact that the 5-propyne-modified pyrimidines have been reported to be considerably more toxic than 5-methylcytosine [32] would also argue for the choice of 5-methyl-modified pyrimidines. light blue, and the requisite glutamate carboxyl groups are presented as yellow. The structure of the rGGUGUGGCUGCCGCGGG:rCCACACcga*cgGCGCCC duplex (lower-case bases as deoxynucleotides) was generated from standard A-form RNA-DNA co-ordinates, the N2 or N6-imidazoylpropyl group was appended on to the deoxyadenosine in the structure and minimized for 100 ps using the Amber forcefield and Discover software. The RNA strand is shown in orange, while the DNA strand is coloured green. The imidazoylpropyl group appears red. The duplex was docked to the crystal structure to maximize the electrostatic and van der Walls potentials using the Biosym software package. Both views have been rotated to optimize visualization of the imidazoylpropyl side chain; (b) RNase H-RNA-DNA gapmer duplex with an N2-imidazoylpropyl nucleotide viewed orthogonal to the helical axis.
